The effects of cellulose crystallinity, hemicellulose, and lignin on the enzymatic hydrolysis of Miscanthus sinensis to monosaccharides were investigated. A airdried biomass was ground by ball-milling, and the powder was separated into four fractions by passage through a series of sieves with mesh sizes 250-355 m, 150-250 m, 63-150 m, and < 63 m. Each fraction was hydrolyzed with commercially available cellulase and -glucosidase. The yield of monosaccharides increased as the crystallinity of the substrate decreased. The addition of xylanase increased the yield of both pentoses and glucose. Delignification by the sodium chlorite method improved the initial rate of hydrolysis by cellulolytic enzymes significantly, resulting in a higher yield of monosaccharides as compared with that for untreated samples. When delignified M. sinensis was hydrolyzed with cellulase, -glucosidase, and xylanase, hemicellulose was hydrolyzed completely into monosaccharides, and the conversion rate of glucan to glucose was 90.6%.
The word ''biomass'' originally meant the total mass of living matter within a given unit of environmental area, but is now used also to describe plant material, vegetation, or agricultural waste used as an energy source. Since biomass is a renewable and carbon-neutral resource, it is attractive as an alternative to fossil fuel, and the production of biomass-derived ethanol (bioethanol) offers a practical alternative to gasoline. Many countries have introduced a bioethanol-gasoline mixture, and it is expected that vehicle fuel containing 3% bioethanol will be introduced in Japan by 2010.
Furthermore, lignocellulosic biomass has great potential as a feedstock because of its abundance and low cost.
Enzymes such as cellulase, -glucosidase, and hemicellulase are used in the hydrolysis of lignocellulosic materials in bioethanol production. Efficient hydrolysis of cell-wall polysaccharides is important in this process, and it is known that enzymatic hydrolysis of lignocellulosic biomass is affected by the structural properties of cell-wall components. [1] [2] [3] [4] The degree of cellulose crystallinity is a major factor affecting enzymatic hydrolysis of the substrate. It has been reported that a decrease in cellulose crystallinity especially influences the initial rate of cellulose hydrolysis by cellulase. 5) Physical or chemical pretreatment to disrupt the crystalline structure of cellulose is often used to promote the hydrolysis of biomass. In addition to cellulose crystallinity, lignin affects the enzymatic hydrolysis of lignocellulosic biomass because it forms a physical barrier to attack by enzymes. 6) Several researchers have found that delignification treatment of lignocellulosic biomass increases the yield of monosaccharides by enzymatic hydrolysis. 7, 8) Hemicellulose is known to coat the cellulose microfibrils in the plant cell wall, 9) forming a physical barrier to access by hydrolytic enzymes, and removal of hemicellulose has been reported to increase the enzymatic hydrolysis of cellulose. 10, 11) Miscanthus sinensis, a perennial grass performing C4-type photosynthesis distributed widely in Japan, 12) was traditionally used as a roofing material for houses, but this is very rare now and the plant is considered a weed. M. sinensis grows rapidly, with an annual yield of 20-26 tons dry weight per hectare, 13) and it grows well even in acid sulphate soils.
14) It is therefore a potentially useful source of lignocellulosic biomass for the production of monosaccharides.
Little is known about the factors affecting the enzymatic hydrolysis of M. sinensis. Hence, we investigated the effects of hemicellulose, lignin, and the degree of cellulose crystallinity on the enzymatic hydrolysis of M. sinensis to monosaccharides.
Materials and Methods
Materials. M. sinensis was kindly provided by Yamada Kosakusho of the Grand Shrine of Ise (Mie, Japan). It was air-dried at room temperature. Celluclast 1.5 L, Novozyme 188, p-nitrophenyl--D-glucopyranoside (PNP-Glc), and D-mannose were purchased from Sigma (St. Louis, MO, USA). The glucose CII-test, L-arabinose, and D-galacturonic acid were from Wako Pure Chemical (Osaka, Japan). L-Fucose, L-rhamnose, D-galactose, D-glucose, D-xylose, and D-glucuronic acid were from Nacalai Tesque (Kyoto, Japan). Multifect xylanase was kindly provided by Genencor Kyowa Co., Ltd. (Tokyo, Japan). Avicel was purchased from Merck (Whitehouse Station, NJ, USA).
Determination of enzymatic activity. The Aviceldegrading activity of Celluclast 1.5 L was determined as follows: Enzyme solution (100 ml) was incubated for 30 min at 45 C with 1% (w/v) Avicel in 100 mM sodium acetate buffer, pH 5.0. The reaction was stopped by boiling for 5 min to inactivate the enzyme, and then residual cellulose was removed by centrifugation at 15;000 Â g for 1 min. The amount of reducing sugar released was determined by the Somogyi-Nelson method 15) using D-glucose as a standard. One unit of enzyme activity was defined as the amount of enzyme that releases 1 mmol of reducing sugar per min from Avicel.
The -glucosidase activity of Novozyme 188 was assayed by monitoring the release of p-nitrophenol from PNP-Glc. The enzyme solution (100 ml) was incubated for 10 min at 45 C with 1 mM PNP-Glc in 100 mM sodium acetate buffer, pH 5.0. The reaction was stopped by the addition of 100 ml of 2 M Na 2 CO 3 . The amount of p-nitrophenol released was determined by measuring the absorbance at 400 nm (" 400 ¼ 17:1 mM À1 cm À1 ). One unit of enzyme activity was defined as the amount of enzyme that releases 1 mmol of p-nitrophenol per min from PNP-Glc.
Pretreatment procedure. Dried M. sinensis (flower spikes, leaves, and stems) were shredded and then ground by ball-milling for 24 h. The powder obtained was passed through sieves of different mesh sizes, and separated into four fractions: 250-355 mm, 150-250 mm, 63-150 mm and < 63 mm.
Delignification of M. sinensis was done by the sodium chlorite method. 16) Powder (2.5 g) was suspended in 150 ml of deionized water, and 1 g of sodium chlorite and 0.2 ml of glacial acetic acid were added to the suspension, which was incubated at 70 C for 1 h. The delignification reaction was repeated three times. The suspension was filtered with a glass-fiber filter (GA-200, ADVANTEC Toyo Roshi Kaisha, Ltd., Tokyo, Japan) and washed with 1 liter of deionized water, then 500 ml of ethanol and then 500 ml of acetone. The residue was air-dried at room temperature for 24 h and then sieved to produce four size fractions, as described above.
Compositional analysis. The hexose and pentose contents were determined by the following method: A 5-mg sample of M. sinensis powder was soaked in 450 ml of 72% (v/v) H 2 SO 4 for 40 min. Deionized water (7.65 ml) was added to the solution to give a concentration of H 2 SO 4 of 4% (v/v), and then the solution was heated for 2 h at 100 C. The solution was cooled and the volume was made to 10 ml with deionized water. A 100-ml sample of the hydrolysate was neutralized by the addition of 100 ml of 1 M NaOH, diluted to 1 ml, and then centrifuged at 15,000 rpm for 1 min to remove insoluble material. The hexose and pentose contents of the hydrolysate were determined by the anthrone-sulfuric acid method 17) and the orcin-Fe 3þ -hydrochloric acid method 18) respectively. The monosaccharide composition of the hydrolyzed material was analyzed by high-performance anionexchange chromatography with pulsed amperometric detection (HPAEC-PAD; Dionex, Sunnyvale, CA, USA). We used a PA20 column at a flow rate of 0.5 ml/min, and the elution program consisted of isocratic elution with water for 11 min, a linear gradient of NaOH from 0 mM to 100 mM for 1 min, isocratic elution with 100 mM NaOH for 1 min, a linear gradient of sodium acetate from 0 mM to 100 mM in 100 mM NaOH for 1 min, and isocratic elution with 100 mM sodium acetate in 100 mM NaOH for 11 min. The monosaccharide standards were L-fucose, L-rhamnose, L-arabinose, D-galactose, D-glucose, D-xylose, D-mannose, D-galacturonic acid, and D-glucuronic acid. A standard mixture was run to verify the response factors before analysis of a batch of samples.
The lignin content was measured as Klason lignin (according to the Tappi standard, T222 om-88) after the carbohydrate components were removed by hydrolysis with 72% (v/v) sulfuric acid.
X-Ray diffraction analysis. Cellulose crystallinity was determined by X-ray diffraction (JDX-3530, JEOL, Tokyo, Japan). Samples of each size fraction were analyzed. All samples were scanned from 2 ¼ 7 to 40 with a step size of 0.02 . Determination time was 1 s/0.02 . The crystallinity index (CrI) was defined as follows:
where I 002 and I am are the intensity of diffraction at 2 ¼ 22:6 and at 2 ¼ 18:7 respectively.
19)
Enzymatic hydrolysis of M. sinensis. Enzymatic hydrolysis of M. sinensis was carried out at 45 C in 5 ml of 50 mM sodium acetate buffer, pH 5.0. A 100-mg sample of the biomass powder was added as substrate. The amounts of Celluclast 1.5 L and Novozyme 188 used in the reaction were 32.8 U for Avicel-degrading activity and 26.8 U for -glucosidase activity respectively. For hydrolysis of hemicellulose, 250 ml of Multifect xylanase (enzyme activity for acetylated birchwood xylan, 29,179 U/ml) was added to the solution. Information about the unit of the activity was given by Genencor Kyowa Co., Ltd. A 100-ml sample of the reaction solution was withdrawn at the appropriate time and heated at 100 C for 5 min to inactivate enzymatic activity, and then centrifuged at 15;000 Â g for 1 min to remove insoluble substrate. The supernatant was stored at À20
C. The amount of glucose released from the biomass was determined by the mutarotase glucose oxidase method, 20) using the Wako Glucose CII-test. The concentration of pentoses in the reaction solution was determined by the orcin-Fe 3þ -hydrochloric acid method, as described above.
Results and Discussion
Components of M. sinensis We analyzed the components of M. sinensis. As shown in Table 1 , sugars accounted for more than 62% of the whole plant, similarly to that of other major sources of lignocellulosic biomass, such as rice straw (63%), 21) wheat straw (69%), 22) and corn stover (65%), 23) indicating that M. sinensis is a potentially useful biomass resource.
The components of delignified M. sinensis were analyzed as shown in Table 1 . The lignin content was decreased to 8.6% by the sodium chlorite delignification method, and approximately 90% of delignified M. sinensis was composed of sugars. To investigate the effects of the chemical modification of polysaccharides by oxidizing agents, delignified M. sinensis was hydrolyzed by sulfuric acid and the hydrolysate was analyzed by HPAEC-PAD. In the chromatogram, no peak corresponding to acidic sugar was observed in the sample after delignification (data not shown), suggesting that the delignified sample did not contain any sugar into which a carboxyl group was introduced. It has been reported that an arabinoxylan is typical of hemicelluloses from graminaceous monocot plants. 24) HPAEC-PAD analysis demonstrated that both untreated and delignified samples contained xylose as the major pentose, and that the arabinose content was less than 5% of total sugars (data not shown), suggesting that hemicellulose from M. sinensis is an arabinoxylan composed mainly of xylose. In addition, the analysis also showed glucose to be a major hexose. Glucose must have been derived from cellulose, because only a slight amount of starch (< 1% of total sugar content) was identified in the biomass samples (data not shown).
Effect of degree of cellulose crystallinity on enzymatic hydrolysis
To obtain materials with different degrees of crystallinity, we ground M. sinensis by ball-milling and separated the powder into four size fractions by passage through a series of sieves. The recoveries were 8.7% in the 250-355 mm fraction, 21.6% in the 150-250 mm fraction, 36.6% in the 63-150 mm fraction, and 32.4% in the < 63 mm fraction. X-ray diffraction analysis indicated that the crystallinity of the biomass declined as the particle size decreased (Table 2) .
Enzymatic hydrolysis of each fraction was done with Celluclast 1.5 L as a cellulase and Novozyme 188 as aglucosidase. The rates of release of glucose and pentoses were calculated on the basis of the hexose and pentose contents (described in Table 1 ). As shown in Fig. 1A , the yield (at 72 h of reaction) of glucose increased with the reduction in crystallinity, suggesting that the crystalline structure of M. sinensis inhibits the enzymatic hydrolysis of cellulose. The initial rate of cellulose hydrolysis (at 3 h of reaction) also increased with decreasing crystallinity. This reflects the fact that cellulase hydrolyzes amorphous cellulose faster than crystalline cellulose. 25) In addition, it is also conceivable that the milling process increased the number of substrate sites susceptible to cellulase on cellulose by baring cellulose surface, because the initial rate of cellulose hydrolysis is influenced by the number of the substrate sites. a CrI values were calculated from X-ray diffraction patterns, as described in ''Materials and Methods.'' A previous report indicated that Celluclast 1.5 L showed hemicellulose-degrading activity. 26) As expected, the hydrolysis of M. sinensis with Celluclast 1.5 L and Novozyme 188 produced not only glucose but also pentose (Fig. 1B) . This indicates that hemicellulases contained in Celluclast 1.5 L act on the hemicellulose of M. sinensis. In addition, both the initial rate and the final yield of pentoses increased with decreased particle size, as shown in Fig. 1B . The increased rate of release of pentoses and glucose with the reduction in particle size suggests cooperation between cellulase and hemicellulase in the degradation of the plant cell wall.
Effect of hemicellulose on enzymatic hydrolysis of the plant cell wall
To evaluate the effect of hemicellulose on the enzymatic hydrolysis of M. sinensis, we attempted removal of hemicellulose by enzymatic hydrolysis. As mentioned above, Celluclast 1.5 L contains xylan-degrading enzymes, but it has been reported that these were not enough to remove hemicellulose even when chemical pretreatment of biomass such as steam with an acid catalyst 11) and ammonia fiber expansion 27) was used. Hence, we added a hemicellulase, Multifect xylanase, to the reaction solution, and increased yields of pentoses and glucose were observed ( Figs. 1 and 2) . Moreover, the initial rate of glucose production in all samples was increased as a result of xylanase supplementation. These results suggest that hemicellulose covers some of substrate sites susceptible to cellulase on cellulose in the cell wall of M. sinensis. On the other hand, the maximum yield of glucose was only 36.1%, even for the < 63 mm fraction, supporting the X-ray diffraction data, which displayed the presence of crystalline structure in all fractions (Table 2 ). Further disruption of the structure should lead to increased cellulose hydrolysis. The maximum yield of pentoses was only 38.3%, even after xylanase supplementation. This can be explained by the inhibition of xylanase activity by cellulose and lignin, because hemicellulose is closely associated with these components in the plant cell wall.
9)
Effect of lignin on enzymatic hydrolysis of the cell wall It is well known that lignin confers integrity and structural rigidity on the plant cell wall. Hence, the effect of lignin on the enzymatic hydrolysis of the cell wall was examined using samples delignified by the sodium chlorite method, which is frequently used in the initial step of holocellulose isolation from lignocellulosic materials. When delignified M. sinensis was hydrolyzed by cellulase and -glucosidase, the initial rates of hydrolysis of cellulose and hemicellulose were higher in the delignified samples than in the chemically untreated samples (Fig. 3) . Delignification treatment should im- prove the initial hydrolysis of cellulose and hemicellulose by increasing the number of substrate sites susceptible to enzymes on these polysaccharides. There are several reports that cellulolytic enzymes are adsorbed non-specifically on the lignin fraction of lignocellulose even in the absence of a carbohydrate-binding module. [28] [29] [30] [31] Therefore, the increase in the initial hydrolysis rate of cellulose and hemicellulose should be due in part to the decreasing number of non-specific binding sites on lignin, making more enzyme available for hydrolysis. Although delignification samples showed a high degree of the crystallinity (Table 2) , enzymatic hydrolysis of delignified biomass resulted in very high yields of glucose and pentoses as compared with the chemically untreated samples (Fig. 3) . This suggests that lignin is most significant resistance factor against the enzymatic hydrolysis of M. sinensis.
The addition of hemicellulase in the hydrolysis of delignified M. sinensis increased the enzymatic hydrolysis of cellulose (Fig. 4A) , suggesting that hemicellulose hinders the access of cellulase to the substrate even after delignification, and that hemicellulase alone, contained in Celluclast 1.5 L, is not sufficient to remove all of the xylan from the delignified M. sinensis. The hemicellulose in the 63-150 mm and the < 63 mm fractions was hydrolyzed completely (Fig. 4B) , while only 90% of the cellulose was hydrolyzed (Fig. 4A) . Some lignin remained after the delignification procedure, as shown in Table 1 (8.6% ). It might bind strongly to cellulose, forming a rigid structure that inhibits cellulase activity. 
